This is the first tomography-presentation of the optical properties of a normal canine prostate, in vivo, in its native intact environment in the pelvic canal. The imaging was performed by trans-rectal near-infrared (NIR) optical tomography in steady-state measurement at 840 nm on three sagittal planes across the right lobe, middle-line, and left lobe, respectively, of the prostate gland. The NIR imaging planes were position-correlated with concurrently applied trans-rectal ultrasound, albeit there was no spatial prior employed in the NIR tomography reconstruction. The reconstructed peak absorption coefficients of the prostate on the three planes were 0.014, 0.012, and 0.014 mm −1 . The peak reduced scattering coefficients were 5.28, 5.56, and 6.53 mm −1 . The peak effective attenuation coefficients were 0.45, 0.43, and 0.50 mm −1 . The absorption and effective attenuation coefficients were within the ranges predictable at 840 nm by literature values which clustered sparsely from 355 nm to 1064 nm, none of which were performed on a canine prostate with similar conditions. The effective attenuation coefficients of the gland were shown to be generally higher in the internal aspects than in the peripheral aspects, which is consistent with the previous findings that the urethral regions were statistically more attenuating than the capsular regions.
Introduction
The knowledge of tissue optical properties relevant to light diffusion or attenuation is important to both the dosimetry of photodynamic therapy (PDT) 1−4 and the analysis based on near-infrared (NIR) diffuse optical imaging. 5−10 The prostate of the dog is usually considered as a model closest to that of the human being, therefore a number of studies have been conducted 11−20 on canine subjects to estimate the optical properties of prostate, in vitro or in vivo, over a wide range of spectrum (to be reviewed in more detail in Sec. 2 of this study). A general consensus that has been made from these studies is that significant intra-organ and inter-subject variations of the prostate optical properties do occur. The optical properties being investigated include the absorption coefficient, the reduced or transport scattering coefficient, and the effective attenuation coefficient that is a combination of the above two properties. The reported intra-organ and inter-subject prostate optical heterogeneity imposes the need of individualized and localized measurement for PDT applications, 18 as well as challenges to trans-rectal NIR tomography that aims to resolve the optical contrast, either endogenous 21, 22 or exogenous, 23 of prostate cancerous lesions over normal or benign prostate tissues.
It is also important in PDT to know the optical properties of peri-prostatic tissues, such as rectal or peri-rectal regions since the existence of any optical property gradient of the prostate over its peripheral tissue will influence the local peri-prostatic light distribution. For trans-rectal NIR tomography of the prostate, the NIR light is attenuated first by a condom (required for endo-rectal application), then by the rectal wall and the peri-rectal tissue before finally reaching the prostate. The degree of NIR light propagation into the prostate is dependent upon the optical property gradients between the prostatic capsule and peri-prostatic tissue. The in vivo or in vitro optical contrast of the prostate with respect to peri-rectal or peri-prostatic tissue is therefore fundamental to PDT and prostate NIR tomography, yet to our knowledge it has rarely been evaluated on a single subject. Overall there is very limited information regarding the NIR attenuating features of peri-rectal tissue. 11 Therefore, it is difficult to draw a comparison of the optical properties reported in different studies between the prostate and the peri-rectal tissue. Except the current reported in vivo investigation, all of the studies on normal prostate (canine and human) have been taken interstitially on exposed prostate or through trans-perineal imaging. The interstitial measurements, although very reliable and consistent, are likely to alter to some extent the optical properties natural to the tissue being measured.
In this work we present tomographic measurements of optical properties of a normal canine prostate, in vivo, in its native intact environment in the pelvic canal. The imaging was performed by trans-rectal NIR optical tomography in steady-state measurement at 840 nm, on three sagittal planes across the right lobe, middle-line, and left lobe, respectively, of the prostate gland. The NIR imaging planes were positioncorrelated with concurrently applied trans-rectal ultrasound, albeit there was no spatial prior employed in the NIR tomography reconstruction.
The prostate gland appears as a positive-contrast region in NIR images, particularly in the absorption and effective-attenuation images. The position and profile of the positive-contrast prostate-indicating region correlate well with those of the prostate in the concurrent trans-rectal ultrasound image. The peak absorption coefficients of the prostate-region on the three planes were found to be 0.014, 0.012, and 0.014 mm −1 . The peak reduced scattering coefficients were 5.28, 5.56, and 6.53 mm −1 . The peak effective attenuation coefficients were 0.45, 0.43, and 0.50 mm −1 . The absorption and effective attenuation coefficients were within the ranges that are predictable at 840 nm based on literature values which clustered sparsely from 355 nm to 1064 nm, none of which were performed on a prostate in similar conditions. It is also noted that effective attenuation coefficients of the gland are higher in the internal aspect than in the peripheral aspect, which is consistent with the previous findings of statistically more attenuating urethral regions than the capsular regions.
Review of the Optical Property
Measurements on Canine Prostate Tables 1 and 2 summarize what the authors have found to be existing methods, represented graphically by diagram (Table 1) , and published values (Table 2 ) on optical properties of the canine prostate within the spectral range from 355 nm to 1064 nm. In Table 2 , the attenuation coefficient is denoted by µ a , the reduced scattering coefficient by µ s , and the effective attenuation coefficient by µ eff that is defined as
Oraevsky et al. presented in vitro µ a , µ s , and µ eff of prostate at 355, 532, and 1064 nm, respectively, using opto-acoustic time-resolved fluence rate measurements on slab samples of normal canine prostate tissues. 12 Another post-mortem study by Chen et al. estimated prostate µ a , µ s , and µ eff at 630 nm, by interstitial measurements on excised 13 In vitro µ a and µ s of slab samples of normal canine prostate tissues were evaluated at 633 nm, by employing steady-state fluence rate measurements using the standard double-integrating sphere technique. 15 Other studies relied on steadystate fluence rate measurements on tissues in situ, albeit involving surgical procedures to expose the prostatic tissue to the fiber, to determine µ eff of the normal canine prostate. At wavelengths of 630, 665, 730, 732 nm, interstitial measurements on normal canine prostate in vivo were conducted before and after PDT. 14, 17, 18, 20 Perhaps the only in vivo study using reflection measurement upon exposed prostate, thereby maintaining the intactness of the gland itself, was performed at 732 nm on exposed normal canine prostate. 19 Trans-perineal interstitial measurement, 16−18 which in principle is more accurate than interstitial measurement on exposed prostate, demonstrated with statistical significance that the µ eff of prostatic urethral regions is higher than that of the prostatic capsular regions. 16, 17 In Table 2 , there are some individual values of µ a and µ s , but nevertheless most original values listed are regarding µ eff only, which are readily available from steady-state fluence rate measurements. Because the data are clustered in a wide spectrum, summarizing all these studies to a single category for spectrally-resolved comparative evaluation can only be made by utilizing µ eff since it represents the coupled effect of µ a and µ s . When the standard deviations of µ a and µ s , denoted by σµ a and σµ s , respectively, are available, the standard deviation of µ eff in Table 2 is calculated based on Eq. (1) by
3. Methods and Materials
Trans-rectal US-coupled NIR tomography
The details of the trans-rectal US-coupled NIR tomography system can be found elsewhere. 21, 22 Figure 1 illustrates the configuration of the transrectal NIR/US probe and the prostate imaging geometry. Since NIR imaging depth is typically 1 / 2 of the array dimension, the NIR optodes are distributed longitudinally in parallel to the sagittal US to allow interrogating deep prostatic tissues. The NIR arrays are also put symmetrically on the lateral sides of the sagittal US transducer, enabling accurate correlation of the middlesagittal NIR imaging plane with the sagittal US imaging.
The completed trans-rectal NIR/US probe and imager are shown in Fig. 2 . The US probe was a bi-plane sector and linear array trans-rectal probe fitted to an ALOKA SSD-900V unit. The NIR applicator was integrated over the 7.5 MHz sagittalimaging transducer. The NIR probe consisted of one source and one detector array separated 20 mm laterally and placed symmetrically to the sagittal US transducer. The NIR source and detector array, each having seven channels, were 60 mm in longitudinal dimension, which was identical to the longitudinal length of the sagittal US transducer. Each NIR optode channel had a micro prism-lens pair for coupling the light to and from the probe surface. The NIR light from a super-luminescent diode of 100 mW at 840 nm was focused sequentially onto seven source fibers of the NIR applicator by a home-made translating fiber multiplexer. The NIR remissions collected by the seven detection fibers were acquired by a 16-bit intensified CCD camera through a spectrometer (not necessary for acquiring the data but used for system integrity). Acquisition of NIR signals from seven source channels took less than five seconds after the prostate was localized by the sagittal US using an Aloka SSD-900V portable US scanner, which provides 50 mm longitudinal field of view when performing sagittal imaging with the 60 mm long 7.5 MHz US transducer. The absorption and reduced scattering coefficients of the prostate were reconstructed from steady-state measurements 22 using a model-based non-linear optimization method. 22, 25, 26 The effective attenuation coefficient is then calculated based on Eq. (1). 
Sensitivity features of the trans-rectal NIR imaging
Since the purpose of this study was to examine the inherent NIR contrast that the prostate may demonstrate over the peri-prostatic tissue, the NIR image was reconstructed without any spatial prior information. The accuracy or the robustness of the NIR reconstruction is thereby dependent upon the sensitivity of NIR array to the heterogeneity of the optical properties within the volume being interrogated. Figure 3 illustrate the sensitivity profiles, with respect to the absorption, of the NIR applicator based on the previous study. 21 The longitudinal sensitivity is relatively uniform over the entire NIR array dimension, but it tapers off at the distal and proximal edges of the NIR array. The lateral sensitivity peaks at the middle-sagittal plane that coincides with the sagittal TRUS plane, while the depth sensitivity generally degrades along with the increase of the depth. The sensitivity to the scattering or total attenuation would have similar patterns. Based on these sensitivity features, one could expect that a target may be reconstructed with better contrast if it is located within the regions of higher NIR sensitivity. It is also anticipated that for multiple targets located longitudinally on the same sagittal plane, the contrast-comparison would be reliable.
Animal model
This study was approved by the Institutional Animal Care and Use Committee of Oklahoma State University. The protocol was also approved and underwent an on-site inspection by the US Army Medical Research and Material Command. A 20-kg sexually intact, adult mixed-breed dog, approximately four years of age, was anesthetized using an intravenous injection of propofol (8 mg/kg) followed by intubation and halothane/oxygen inhalation for anesthetic maintenance. The animal was placed in left lateral recumbency for bowel preparation and physical examination (rectal palpation) of the prostate. TRUS visualization was performed using the combined trans-rectal NIR/US probe with condom-and-gel coverage. Both the physical examination and ultrasound revealed a normal prostate for this dog. The prostate was examined weekly using similar procedures, with consistent evaluation results being classified as "normal," until the dog was euthanized nine weeks after the initial exam with an overdose of pentobarbital sodium. A complete necropsy was performed and the prostate and peri-prostatic structures were submitted for histologic examination. The urinary bladder is shown as an anechoic structure on TRUS, which is similar to images using NIR. Most of the peri-rectal tissues are also not identified using NIR except at the periphery of the urinary bladder. The prostate is consistently demonstrated in NIR images as having positive-contrast with respect to the peri-prostatic tissues, with an average of more than two-folds of contrast in absorption, reduced scattering, and effective attenuation. In addition, the prostate is more optically heterogeneous in the middle-line and more optically attenuating toward the internal aspects of the prostate than in the peripheral aspects of the gland.
Results
At this scale setting, it is noted that areas of prostatic regions on NIR images resemble the actual cross-sections being interrogated on the gland. The cranial-caudal length dimensions of the prostate at the right lobe and left lobe NIR images are smaller than that at the middle-line NIR images. The dorsal-ventral thickness dimensions of the prostate in the right and left lobe NIR images are shown greater than that at the middle-line NIR images. Overall, the prostate is longitudinally elongated in the middle line than in the right and left lobes. This profile of the canine prostate interpreted from NIR regions implies a walnut-shape with lobular anatomy. Figure 4 illustrates peak absorption coefficients of this prostate specimen on the three planes to be 0.014, 0.012, and 0.014 mm −1 ; the peak reduced scattering coefficients to be 5.28, 5.56, and 6.53 mm −1 ; and the peak effective attenuation coefficients to be 0.45, 0.43, and 0.50 mm −1 . The validity of these numbers has been examined in the context of values summarized in Table 2 and by the spectra plots in Fig. 5 . The majority of the previous measurements in Table 2 were performed in the spectral range of 630 nm to 732 nm, with some extension to the ultraviolet end of 355 nm and the infrared end of 1064 nm. The data points of this study, performed at 840 nm, represent the values of absorption, reduced scattering, and effective attenuation averaged over the peak values of right lobe, middle line, and left lobe. It is noted that the absorption coefficients of this study are 
Gross and Histological Examination of the Prostate Gland
The prostate gland exhibited diffuse, symmetrical (and mild) enlargement (4.5 cm ×4.5 cm×2.5 cm). On cross-section, the tissue was grossly normal with the exception of a discrete, 0. 
Discussions
This study revealed the in vivo optical properties of an intact normal canine prostate in its normal anatomic position in the pelvic canal. The absorption, reduced scattering and effective attenuation coefficients of the canine prostate at approximately 840 nm have not been reported previously. However, Table 2 . The measurements by this work at 840 nm were the average of the peak values of the right lobe, middle line, and left lobe.
an examination of the spectra in Fig. 5 allowed estimation of these values to be around that value. Given that the prostate is a gland with relatively rich vasculature, it is not difficult to correlate the absorption spectrum of the prostate to that of the total hemoglobin content, which has a low NIR absorption at and above the near-infrared band, as well as a relatively leveled absorption at wavelengths greater than the isosbestic point of 805 nm. The reduced scattering spectrum is rather "noisy" in the NIR band, yet globally it seems to follow the empirical power-law model of µ s = Aλ −b , where A and b are model parameters for scattering amplitude and scattering power, respectively, 27 when there is a broad range of scattering particle sizes.
The effective attenuation spectrum is close to that of the absorption, a result that may be anticipated from Eq. (1). Among the three optical properties being measured or calculated, both the absorption and effective attenuation coefficients are well within what can be predicted from the current literature.
The predicted average reduced scattering values at 840 nm from the literature may be much smaller than the measured values in this study but there is a fairly large error of distribution within the cited values of the spectra. It is thereby impractical to predict the reduced scattering coefficient at 840 nm within a narrow range based on the literature spectra. On the other hand, this study utilized non-prior guided pure optical-based reconstruction for trans-rectal optical tomography. Our previous study indicated that when an accurate spatial prior to trans-rectal NIR tomography reconstruction is not employed, the absorption coefficients may be under-estimated, and the reduced scattering coefficients may be over-estimated. 21 The image reconstruction of trans-rectal NIR tomography in this study requires a 3D mesh being used due to the geometry of the NIR applicator. Extracting an accurate 3D prostate profile based on sagittal TRUS images, however, remains a challenging task. If the optical properties were reconstructed with an accu- rate spatial prior, the reduced scattering coefficients could have better correlation with the literature predictions. This study also revealed the optical property contrasts that a normal canine prostate has over other structures within the canine pelvic canal. The prostate is shown as having positive-contrast over its peripheral tissue in absorption, reduced scattering, and effective attenuation of the NIR light. There are a number of factors that could make the prostate hyper-attenuating on trans-rectal NIR tomography. First, the unique thin-layers of prostatic capsule may be refractive-index mismatched with respect to the peri-prostatic tissue, thereby causing specular reflection on the prostatic capsule that contributes to the elevated light attenuation of the prostate. Second, the prostate is known to have relatively rich vasculature that may impose stronger NIR absorption within the prostate. Third, the intra-prostatic parenchyma is known to be optically heterogeneous, 12−20 a condition favorable to high scattering attenuation. The origin of the intra-prostatic optical heterogeneity is not well understood, but is likely due to multiple factors. These factors may include (1) the radiallydistributed blood vessels giving non-uniform blood vessel count throughout the prostate, (2) the unique intra-prostatic anatomy that is complicated by the existence of urethra and ejaculation ducts, and (3) the different cellular structures in the different zonal areas of the prostate. Among these factors, the first and second may also cause the higher effective attenuation in the urethral region than in the capsular region that is clearly demonstrated in Refs. 15 and 16.
Conclusions
In conclusion, the optical properties of a normal canine prostate, in vivo, in its native intact environment in pelvic canal have been acquired for the first time by trans-rectal NIR optical tomography at 840 nm, under TRUS position-correlation but with no spatial prior employed in the reconstruction. The absorption and effective attenuation coefficients are within the ranges predictable at 840 nm by literature values which clustered sparsely from 355 nm to 1064 nm. The effective attenuation coefficients are found higher in the internal aspects of the prostate than in the peripheral aspects, which agrees with the previous findings that the urethral regions were statistically more attenuating than the capsular regions.
